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. The Antarctic Peninsula has experienced one of the most rapid temperature rises in the Southern Hemisphere 2,3 . This increase has recently paused, which is probably a consequence of short-term natural climate variability masking the longer-term human influence 4 . However, the anthropogenic signal is likely to become more pronounced over the 21st century, resulting in further substantial warming across the Peninsula and wider Antarctic continent [5] [6] [7] . Considerable resources and research have been directed into studying and understanding the effects of climate change on the melting of the Antarctic ice sheets and their contribution to global sea level rise [8] [9] [10] . By contrast, until very recently, the impacts of climate change and associated ice melt on native Antarctic biodiversity have been largely overlooked 11 . Yet, a warming climate has the potential to cause substantial expansion of ice-free areas across Antarctica, possibly allowing some species to expand and even cross ancient biogeographical divides as ice-free areas begin to coalesce.
Ice-free Antarctica
Ice-free areas form isolated patches of habitat within a matrix of ice, analogous to islands in an ocean 12 . They manifest in many forms, including exposed mountain tops (nunataks), cliffs, scree slopes, icefree valleys, coastal oases and islands, ranging in size from less than 1 km 2 to thousands of km 2 , and can be separated by metres to hundreds of kilometres 13, 14 . The direct and indirect effects of climate change on ice-free areas have not yet been investigated in Antarctica, leaving a notable gap in our understanding of climate change impacts on Antarctic species, ecosystems and their future conservation.
Comprising less than 1% of Antarctica 15,16 , permanently ice-free areas are home to almost all the continent's biodiversity, including arthropods, nematodes, microbes, vegetation (vascular plants, lichen, fungi, mosses and algae), rotifers, and tardigrades 17, 18 . Ice-free areas also form essential breeding grounds for seals and seabirds. Until recently it was believed that Antarctic biodiversity underwent a major extinction event during the Last Glacial Maximum (LGM), subsequently colonizing and expanding during the glacial recession 19, 20 . However, geological and genetic studies suggest that many taxa persisted through the LGM and quite probably multiple glacial cycles, by contracting into refugia 19, 21 . Springtails for example, are believed to have diversified during the late Miocene and have long since been separated by glacial barriers 22 . Many species are recorded from only a single region across the continent (including tardigrades, rotifers and nematodes 23 ), or indeed even single ice-free areas (for example, the tardigrade Mopsechiniscus franciscae from Victoria Land 24 or the rotifer Rhinoglena kutikovae from the Bunger Hills, East Antarctica 25 ). It is uncertain whether these species are limited to these patches owing to lack of dispersal potential or opportunities, or whether we have limited understanding of their distribution owing to a deficiency of comprehensive surveys 18 . Regional differences in terrestrial fauna led to the identification of a broad geographic divide between the Antarctic Peninsula and the rest of the Antarctic mainland (the Gressitt Line
17
) and more recently the delineation of 16 biologically distinct regional units (Antarctic Conservation Biogeographic Regions-ACBRs or bioregions) 16, 26 . Geographic isolation and lack of connectivity has largely sheltered terrestrial Antarctic biota from dispersing species and interspecific competition 12, 18, 27 . Abiotic factors, such as the availability of water, energy (for example, sunlight) and nutrients, are widely understood to be the major drivers of Antarctic species distributions and life histories 14, 18, 23, 28 , unlike many regions of the world (such as African savannah 29 or rainforests 30 ), where predation and competition have more substantive impacts on species distributions. Antarctic biodiversity is also severely limited by physical barriers, such as expanses of ice and snow, which decrease dispersal opportunities between ice-free patches 14, 20 . How Antarctic communities will cope with a changing climate and potential increases in habitat and biotic interactions remains largely unknown 13, 18 . Antarctic terrestrial biodiversity occurs almost exclusively in ice-free areas that cover less than 1% of the continent. Climate change will alter the extent and configuration of ice-free areas, yet the distribution and severity of these effects remain unclear. Here we quantify the impact of twenty-first century climate change on ice-free areas under two Intergovernmental Panel on Climate Change (IPCC) climate forcing scenarios using temperature-index melt modelling. Under the strongest forcing scenario, ice-free areas could expand by over 17,000 km 2 by the end of the century, close to a 25% increase. Most of this expansion will occur in the Antarctic Peninsula, where a threefold increase in ice-free area could drastically change the availability and connectivity of biodiversity habitat. Isolated ice-free areas will coalesce, and while the effects on biodiversity are uncertain, we hypothesize that they could eventually lead to increasing regionalscale biotic homogenization, the extinction of less-competitive species and the spread of invasive species.
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To determine the likelihood of climate-induced ice melt around Antarctic ice-free areas we used a temperature-index modelling approach (see Methods), previously used to estimate ice melt in the European Alps, New Zealand and the Arctic 31,32 . We make projections for the end of the 21st century under two of the Representative Concentration Pathways (RCP4.5, 8.5 33 ) adopted by the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 34 (AR5). By combining air temperature, radiation, projected precipitation changes and recently updated spatial layers of current ice-free area and ice coverage, we quantified the potential impacts of 21st century climate change on ice-free areas and present hypotheses on the associated implications for Antarctic terrestrial biota.
Changing climate in the Antarctic
Across the Antarctic continent, it is the Antarctic Peninsula that shows the greatest projected future changes in climate by the end of the century ( Fig. 1; Extended Data Fig. 1 ), perhaps not surprising given the rapid climate change already observed in this region 2, 3, 12 . Increases in degree days and the attendant ice melt are mostly restricted to coastal regions and are heavily concentrated around the Antarctic Peninsula (Fig. 1a) . The greatest projected changes in precipitation are also over the Peninsula, potentially increasing by over 400 mm per year in some areas (Fig. 1b) .
Concomitant with these projected climate changes across the Peninsula are marked changes in ice coverage. Ice and snow melt largely reflects the projected change in degree days (Fig. 1c) , and for most of the continent is predicted to be less than 1 m by the end of the century. By contrast, we predict over 5 m of melt in some Peninsula areas, where melt far outweighs the increasing precipitation. These results are consistent with ice sheet and surface mass balance (SMB) models of Antarctica 9,10,35
. For example, studies found increased SMB across most of the continent owing to increased snowfall 9 , decreased SMB and increased run-off in the Antarctic Peninsula
9
, and triggering of extensive surface meltwater as a result of increasing summer air temperatures, leading to major retreat and thinning of outlet glaciers and ice shelves in the Antarctic Peninsula and across the West Antarctic Ice Sheet
10
.
Emerging ice-free area
We predict that melt across the Antarctic continent will lead to the emergence of between 2,100 and 17,267 km 2 of new ice-free area by the end of this century (Extended Data Table 1a) , with the upper bound representing nearly a 25% increase in total area. More than 85% of this new ice-free area will emerge in the North Antarctic Peninsula bioregion, with some also emerging in isolated pockets along the East Antarctic coastline ( Fig. 2; Extended Data Fig. 2 ). For the Peninsula, this could mean an almost threefold increase of total ice-free area under the most severe scenario (RCP8.5), which the globe is on track to meet if emissions are not substantially reduced 36 . The South Orkney Islands are projected to become completely icefree in five of the six melt scenarios (Fig. 3) , with a global temperature rise beyond 2 °C leading to a fourfold increase in ice-free area for this bioregion (contrast with RCP2.6 in Extended Data Fig. 3 and Extended Data Table 1b , where the bioregion is scarcely affected). This will result in a complete transformation of the physical environment, with the emergence of new habitat providing new dispersal and colonization opportunities for the region's biota and possibly non-native species.
The Transantarctic Mountains (ACBR 10) currently contain the largest amount of ice-free area on a bioregional scale ( Fig. 3 ; Extended Data Tables 2 and 3 ), yet even under RCP8.5, this bioregion is likely to experience very little change by the end of the century. By contrast, the ice-free area of the North Antarctic Peninsula (a combination of ACBR 1 (Northeast Antarctic Peninsula) and ACBR 3 (Northwest Antarctic Peninsula) which we refer to hereafter as ACBR 3a) will undergo substantial expansion ( Fig. 3 ; Extended Data Tables 2 and 3) and our predictions indicate that in the future it could contain the largest amount of ice-free area of any bioregion ( Fig. 3 ; Extended Data Table 2 ). The spatial changes exhibited by the North Antarctic Peninsula are depicted in Fig. 4 , illustrating the mass expansion of ice-free area under climate change. There will also be some change in the South Orkney Islands (ACBR 2), the Central South Antarctic Peninsula (ACBR 4) and East Antarctica (ACBR 7), but little change across most other bioregions (Extended Data Table 2 ). The number of individual ice-free patches in Antarctica are projected to decrease by nearly 3,000 as patches coalesce (marked reductions in the North Antarctic Peninsula and South Orkney Islands, and smaller reductions across bioregions 4, 5 and 16; Extended Data Table 2 ), which is also consistent with an increase in mean patch size (Extended Data Table 2 ). In the North Antarctic Peninsula, mean patch area increases significantly by the end of the century under RCP4.5 and RCP8.5 (Extended Data Fig. 4a; Supplementary Table 1 ), the total ice-free area could increase by > 9,000 km 2 under RCP4.5, and > 14,500 km 2 under RCP8.5 (upper bound: Extended Data Fig. 4b ) and number of patches decreases with the severity of the RCP scenario (Extended Data  Fig. 4c ). Distance to nearest neighbouring ice-free area decreases in some bioregions owing to edge melt (expansion of existing patches, for example, ACBR 2 and 7) but increases in other bioregions as nearby patches coalesce (yet this still reduces distance to the neighbour that is currently considered the closest, for example, ACBR 3a; Extended Data Table 2 , Extended Data Fig. 4d ). However, in both cases these changes portend an increasingly connected landscape with reduced isolation of ice-free patches. This is in stark contrast to a trend of decreasing connectivity and increasing habitat fragmentation frequently seen in response to climate change and anthropogenic impacts across the rest of the globe 37, 38 .
Implications for biodiversity
Climate-driven expansion of ice-free area will uncover a substantial amount of potential new habitat for species and decrease the distance between patches, increasing connectivity. Habitat expansion and increasing connectivity might generally be interpreted as a positive change for biodiversity 37 ; however, in Antarctica it is not known if the potential negative impacts will outweigh the benefits. While the expansion of available habitat and merging ice-free areas will undoubtedly enable some native species access to new resources and to colonize new space, the increasing connectivity could have destabilizing impacts on ecological communities, for example via the spread of invasive species, which already pose a substantial threat to native biota 17, 40 . Colonization of newly exposed habitat has already been observed in the Antarctic Peninsula, where rocks recently exposed by snow melt have been subsequently colonized by Rhizocarpon lichens 41 , or where the invasive grass Poa annua has colonized new ice-free land near Ecology Glacier 39 . Evidence from both the sub-Antarctic and Antarctic suggests that P. annua may begin to outcompete native species 40 ,42,43 .
Within bioregions (where there is often far less difference in taxonomic diversity than across bioregions 16, 26 ), native species may be able to establish new local populations or increase gene flow between existing populations. This has been demonstrated from previous glacial recessions, where populations of the formerly isolated springtail Gomphiocephalus hodgsoni in the McMurdo Dry Valleys (North Victoria Land) recolonized surrounding areas, increasing gene flow as the populations once again became sympatric 20 . However, as the climate warms, metabolic studies suggest that some G. hodgsoni lineages may begin to outcompete others owing to the genetic and physiological adaptations accumulated during allopatry, which in the long term could cause populations to homogenize as genetic variation is lost of the two vascular plants on the Antarctic Peninsula (Colobanthus quitensis and Deschampsia antarctica) are quickly expanding south with warming 17, 45 . Microbial taxa may also benefit, where closer icefree patches facilitate spore dispersal and a warming climate provides opportunities for alien microbes to establish themselves 45 . Other winners will probably include non-native species 40, 42, 43 . The specialized biological traits of Antarctic species that give them the ability to adapt to environmental extremes in an isolated environment put them at increased risk from invasive species 17,21 , which are typically highly adaptable with rapid life cycles 46 . Invasive species have the potential to increase competition in isolated regions, where native species may become subject to biological interactions that they have not experienced for much of their evolutionary history 42 . The Antarctic Peninsula region already represents the highest risk for establishment of non-native species across the continent 40 , and in fact already contains the highest number of established non-native species 43 . Furthermore, the region is already experiencing severe glacial and ice-shelf retreat 47 and the subsequent exposure of new intertidal ice-free areas has been identified as a key conservation issue 11, 48 . The increasing connectivity throughout the Antarctic Peninsula may even allow some species to cross bioregional boundaries, where large-scale habitat expansion could eventually lead to localized homogenization of terrestrial biodiversity across bioregions.
Given the minimal changes in degree days and precipitation ( Fig. 1 ), ice-free areas across the rest of the Antarctic mainland will probably be largely unaffected by climate warming in this century, with some expansion projected only in East Antarctica. This implies minimal biodiversity impacts in these bioregions until temperature increases driven by climate change begin to substantially affect ice melt in mainland Antarctica 5, 6 . Changing climate conditions may also begin to impact growth and movement of biota through changes in the distribution of energy, such as sunlight, radiation and wind 7, 18 . For example, low temperatures are thought to limit Antarctic bryophyte reproduction, therefore an ameliorating climate will probably increase sporophyte production and dispersal opportunities for some species, ultimately influencing their potential distribution 49 . Considering the broad biological divide between the Peninsula and mainland Antarctica, entire groups of species south of the Gressitt Line 14,17 may be shielded from the direct effects of climate change in this century. High levels of endemism could therefore be maintained in some parts of Antarctica, while the Peninsula regions begin to locally homogenize.
Beyond 2100, as the anthropogenic signal of climate change becomes more pronounced across the entire Antarctic continent 5, 6 , we might expect mainland Antarctica to eventually experience more substantial transformation of ice-free areas. The physical expansion of ice-free areas over multiple centuries has the potential to severely affect native biodiversity, and mainland bioregions may be put at further risk of invasive species establishment and increased competition, possibly leading to growing homogenization and extinctions of terrestrial biodiversity across the entire continent. This highlights the need for continued monitoring and modelling of Antarctic ecosystems as climate change progresses and longer-term projections become available. Although global emissions are currently tracking the highest greenhouse gas emissions scenario (RCP8.5 36 ), if emissions can be reduced, and anthropogenic temperature increases kept to < 2 °C (as per the Paris Agreement 50 ), then the impacts on ice-free habitat and its dependent biodiversity are likely to be reduced.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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MethODS
No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. Current ice-free areas. Current ice-free areas were delineated using the recent spatial layers available in the Scientific Committee for Antarctic Research (SCAR) Antarctic Digital Database (ADD Version 7; http://www.add.scar.org). We used the 'medium resolution' rock-outcrop layer, equivalent to a 1:1 million scale, because this best matches the 1 km 2 resolution of the ice-thickness layer and spatially interpolated climate data (see below), enabling us to match future projections of ice melt with a map of currently ice-free areas. Current ice thickness. Current ice thickness is required to determine how melt will impact the distribution of ice-free areas. We used the Bedmap2 'ice thickness' layer from the British Antarctic Survey, which gives ice thickness on a 1 km grid of Antarctica 51 . The Bedmap2 layer is generated from primary data (direct ice thickness measurements and satellite altimetry measurements) where available, and where unavailable, it was modelled using a 'thin ice' model (see ref. 51 for details). Ice melt. There are several methods available for measuring changing ice in polar regions. Energy-balance models assess surface energy fluxes to determine the amount of energy available for melt 52 . Surface mass balance (SMB) studies, which focus on ice sheets and their contribution to sea level rise 8, 9 , subtract loss of snow and ice (sublimation, run off, erosion) from the accumulation through precipitation. These methods are usually applied at pan-continental ice sheet scales, often covering hundreds of kilometres and modelling gigatonnes of ice. By contrast, our biodiversity based focus is at the periphery of current ice-free areas, where ice can be orders of magnitudes thinner than most of the Antarctic Ice Sheet 51 . These areas are typically relatively small (kilometres to tens of kilometres).
A widely used method of measuring ice and snow melt on this type of regional or catchment scale is temperature-index modelling, which relies on the strong correlation between ice melt and air temperature 52 . Though a simplification of the complex energy-balance methods incorporating heat flux and energy transfer, temperature-index models have been found to perform as well as and even outperform energy-balance models on this scale and over longer time periods 31, 52, 53 . The good performance and relatively low data requirements of temperatureindex modelling make it appropriate for our study and our focus on the ecological implications of change.
We used a temperature-index approach based on degree days and incorporating solar radiation 54 . The current configuration of ice-free areas (as defined by ADD v7) is a result of both climatic and other processes (such as glaciological history, wind, elevation, temperature and precipitation 55 ). To isolate the effects of climate change from these other processes, we assume that the current configuration of ice-free areas is stable under current climatic conditions (temperature and precipitation), allowing us to attribute melt purely to differences in projected climate between now and 2098. We used the projected melt and the Bedmap2 ice thickness layer to determine which areas would melt under different climate forcing scenarios and combined these with the current ice-free areas to determine future configuration. For a simple overview of our methods, refer to Extended Data Fig. 5 . Current degree days. Three hourly air temperature records (mean of 2014 and 2015 temperatures, 10 km resolution) from the Antarctic Mesoscale Prediction System (AMPS 56 ; http://www2.mmm.ucar.edu/rt/amps/) were used to calculate degree days for each day of the year according to equation (1). The European Centre for Medium Range Weather Forecasts (ECMWF) ERA-interim re-analysis data 57 was used to verify that 2014 and 2015 temperatures were not anomalous relative to the period 1979-2015. Combined, 2014-2015 displayed temperature anomalies of up to 0.5 °C, which was deemed satisfactory given that future projected changes are in the order of 3-4 °C (Extended Data Fig. 6 ). All spatial layers were reprojected and interpolated to 1-km 2 cells to match the resolution of the Bedmap2 ice thickness layer. The degree day value for day i in cell x gives a measure of the time spent above freezing (and thus potential for ice melt), calculated as:
where DD ix is degree days on day i in cell x, T ix (t) is the air temperature (°C) at time step t on day i in cell x, and n is the total number of time steps per day (here n = 8 as the time step is 3 h). Climate model data. Changes in surface air temperature (temperature at 2 m above the surface) and precipitation rate were estimated from climate model output from the most recent phase (phase 5) of the World Climate Research Programme (WCRP)'s Coupled Model Inter-comparison Project 58 (CMIP5). The CMIP5 dataset comprises output from approximately 50 different fully coupled climate and earth-system models (or model variants) and was the primary source of climate model data for the analysis included in the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 34 (AR5). In this study, we use data from two types of simulation: (i) 'historical' simulations for which past known climate forcings such as observed greenhouse gas concentrations are used; and (ii) future scenario Representative Concentration Pathway (RCP) simulations for which a number of different possible future outcomes in terms of anthropogenic climate forcing are defined 33 . Here we use a medium-forcing scenario (RCP4.5) and the most extreme, high-forcing scenario (RCP8.5). For the variables considered in this study, 21st century change is quantified as the difference between time-mean climatologies over the 30-year period 2069-2098 from the RCP simulations and the time-mean climatology over the 30-year period 1970-1999 from the historical simulations. The variables used in this study are surface air temperature (CMIP5 variable name 'tas') and total surface precipitation rate (variable name 'pr') for which monthly mean data were evaluated. For these variables, data from 38 of the CMIP5 models was found to be available for the historical-RCP4.5 scenario pair and from 40 models for the RCP8.5-historical scenario pair (listed in Supplementary Table 5) . Climate model subsetting. The key region for change was identified as the Antarctic Peninsula. Many of the CMIP5 climate models are run at rather low atmospheric horizontal resolution (see Supplementary Table 5) , which affects the representation of the high mountains of the Antarctic Peninsula in these models 59 . In addition, many models exhibit large biases in a main feature of regional circulation, the Amundsen Sea Low (ASL), which exerts a strong influence on Antarctic Peninsula temperature and precipitation 60 . We therefore identified a subset of CMIP5 models taking into account model resolution and fidelity at reproducing observed characteristics of the ASL.
For resolution, the criterion for model subsetting was to select those models with a latitudinal grid spacing of less than the median of 1.9° across the 40 models listed in Supplementary Table 5 . After applying this constraint 17 of the 40 models remained. Although higher resolution climate model data than that available from the CMIP5 dataset would be preferable, this procedure identifies a more appropriate subset of the currently available model output. With regard to the ASL, ref. 60 identified 11 CMIP5 models that most reliably reproduce the observed characteristics of the ASL. Applying a further constraint, whereby only those models identified by ref. 60 were included, left a subset of nine models: CMCC-CM, CCSM4, CESM1(BGC), CESM1(CAM5), EC-EARTH, MRI-CGCM3, MRI-ESM1, HadGEM2-AO and CNRM-CM5. To avoid duplication of model variants from the same modelling centre the following additional filtering was conducted as follows: (i) CESM1(CAM5) was chosen instead of CESM1(BGC) owing to its smaller bias in ASL representation; (ii) MRI-CGCM3 was chosen over MRI-ESM1also owing to its smaller bias in ASL representation.
This resulted in the final subset of seven models as follows: CMCC-CM, CCSM4, CESM1(CAM5), EC-EARTH, MRI-CGCM3, HadGEM2-AO and CNRM-CM5.
Sensitivity to using an alternative method that combines the full ensemble of available model data in estimating the mean future projected change (known as ensemble regression (ER) 61 and referred to here as the full-ensemble ER mean) and the above subset (the subset ensemble mean) was evaluated by using both approaches in analysis. Before producing multi-model averages it was necessary to re-grid onto a common atmospheric grid. The HadGEM2-AO atmospheric grid (1.875° longitude × 1.25° latitude) was chosen as the common grid. Future degree days. The projected changes in temperature (Δ T) were added to current temperatures to calculate temperatures at 3-hourly intervals (equation (2) for the year 2098 for RCP4.5 and RCP8.5 emissions scenarios (and RCP2.6 for the full-ensemble ER mean).
Where T fx is future temperature in cell x, T cx is current temperature in cell x using the AMPS 3 hourly air temperature records and ΔT x is the projected change in air temperature (°C) in cell x for the year 2098, multiplied by 0.835 as the temperature projections were made on a hundred-year timeframe (1999-2098), yet current temperatures were averaged for 2014 and 2015, which is only a 83.5-year timeframe (assuming some of the change occurred before 2014). Daily degree days for the year 2098, under the two climate change scenarios (RCP4.5, RCP8.5, and RCP2.6 for full-ensemble ER mean projections) were then calculated according to equation (1), using future air temperatures. Change in degree days. The daily difference in degree days (Δ DD) was determined for each RCP scenario by subtracting the current daily degree day values from future daily degree day values. These values were then reprojected to the 1 km 2 Bedmap2 grid.
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Radiation. Potential direct solar radiation was calculated daily for 365 days in a year at a 1 km 2 resolution, according to the methods described in ref. 62 . This method incorporates radiation corrected for incident angle, diffuse and reflected radiation, insolation, latitude, elevation, slope and aspect and assumes a clear sky (no clouds). Cloud effects have been incorporated into temperature-index models in previous studies, but did not improve model performance 54 . In the absence of any reliable fine-scale projected data, we assume that potential direct solar radiation will be the same in 2014/2015 and 2098. Melt. In temperature-index models, the melt rate is determined by the 'degree day factor' , which represents the amount of melt that will occur under one degree day. When incorporating radiation the commonly used degree day factor is replaced by a 'melt factor' , where daily radiation is used to vary the melt rate, making it spatially explicit (for example, north-facing slopes, particularly in coastal Antarctica, will receive more sunlight and consequently melt faster). Total melt for the years 2014-2098 was calculated for three RCP scenarios as per equation (3).
where M x is the total melt (mm) for cell x that has occurred between 2014 and 2098, ΔDD ix is the daily difference in degree days for day i in cell x, MF is the melt factor (mm d
; Extended Data ) for day i and cell x. As it was not possible to obtain direct measurements of melt rate on a continental scale, we relied on the literature to estimate the melt rate (Supplementary  Tables 6-8 ). There was little information available regarding melt factors directly, therefore the large number of globally recorded degree day factors (DDF; Supplementary Table 6) were used to calculate the MF, as per equation (4).
Where MF is the melt factor, DDF is the degree day factor (Extended Data Table 4) , a is the radiation coefficient (Extended Data Table 4 ) and I is the daily radiation, here I = 121.862, which is the mean daily radiation across the Antarctic continent.
Various melt factor and radiation coefficients were used to estimate lower and upper bounds for total melt (Extended Data Table 4 ), which allowed us to incorporate uncertainty into our estimates of melt rate. The lower and upper bounds represent the lowest and highest possible melt we could expect based on a literature review of the melting rates of snow/ice, while the mean represents the melt rate that would occur using the mean coefficient values. The three calculated melt factors (lower, upper, mean) reflect the range of degree day factor values in the literature well, if somewhat conservatively (Supplementary Table 6 ). The lower and upper radiation coefficients (a) represent the mean of all values found in the literature for snow and ice, respectively (Supplementary Table 8 ). As there is no measure of the relative amounts of snow and ice cover on a continental scale for Antarctica, it was reasonable to use coefficient values for snow to generate the lower bound and coefficient values for ice to generate the upper bound (ice generally melts at a faster rate than snow owing to decreased albedo).
We generated 15 melt scenarios overall (mean, lower and upper bound for each RCP; two RCPs for the subset ensemble approach, and three RCPs for the fullensemble ER mean approach). Incorporation of precipitation into melt projections. The precipitation climate model projections were extracted from the CMIP5 dataset as described above. Like Δ T, we multiplied Δ P by 0.835 as the precipitation projections were made on a hundred year timeframe, yet we use an 83.5-year timeframe (beginning 2014/2015). Δ P was then reprojected to the Bedmap2 1 km 2 grid. We then incorporate precipitation into melt projections by subtracting Δ P from the total melt for each cell, yielding an estimate of melt adjusted for future changes in precipitation.
As the ensemble regression methodology has not yet been developed for application to precipitation projections, the nine full-ensemble ER mean scenario projections (Extended Data Table 1b and Extended Data Fig. 3 ) do not take projected changes in precipitation into account. Bedmap2. To determine how ice melt would impact the physical environment we overlaid the 15 melt scenario layers onto the Bedmap2 ice thickness layer 51 . The 'thin ice' model that was used to generate ice thickness in the absence of direct thickness measurements 51 led to the occasional estimation of zero ice-thickness cells beyond the boundaries of known ice-free areas (that is, cells with an icethickness of zero that did not overlap an ice-free area in the ADD mediumresolution rock outcrop layer), perhaps an artefact of the gridding algorithm, and possibly also a result of the integer nature of the Bedmap2 layer, where cell values were generated (or rounded) to the nearest metre. These cells with a false zero thickness are probably thin ice, but are not genuinely ice-free according to the ADD rock outcrop layer. To deal with the uncertainty in the true value of these cells, we generated 16 ice-thickness layers, where we applied nominal thickness values increasing at 10-cm intervals from 0 m to 1.5 m to all Bedmap2 cells identified with an ice-thickness of zero (all other cell values remained the same). We then generated a likelihood of melt, where we subtracted the melt (m) from each of the 16 ice-thickness layers, summed the number of times the cell became icefree (that is, reached a thickness of zero) and divided by 16 to give the overall probability of becoming ice-free based on the Bedmap2 ice thickness layer. To generate estimated future ice-free layers for each of the three climate scenarios we used a majority decision rule, where only cells with 50% or greater probability of melting were included in our future ice-free layers. We then used binary rasters as our output to indicate whether or not a cell was ice-free. While this method still has the potential to both underestimate and overestimate the true number of cells that are likely to become ice-free, we believe simulating a range of values and using the majority rule represents a realistic yet conservative approach to making these predictions. Increasing the number of direct measurements of ice thickness around ice-free areas would help to reduce uncertainty in future models of these regions. We were not able to account for glacial retreat or positive feedback cycles in our models, where increasing meltwater can further increase surface melt 63 and retreating glaciers accelerate the retreat of other glaciers 64, 65 . These processes all probably accelerate ice melt and therefore reinforce the conservative nature of our estimates of ice-free area expansion. Future ice-free layers. Cells projected to be ice-free were extracted and all contiguous cells (including cells that touch only diagonally) were assigned to the same 'region group' using ArcMap 10.3. The raster cells were then converted to polygons and dissolved by region group. Each group of contiguous raster cells now represents a single polygon.
As ice melt doesn't follow the strict geometric lines of raster cells, polygon smoothing was necessary to remove the polygon edges remnant of the cells. After multiple trials, polynomial approximation with exponential kernel (PAEK) smoothing (3 km tolerance; ArcGIS tool) was applied to each new polygon layer. This smoother best fitted the scale of the ADD Version 7 medium resolution icefree layer. We then merged these layers with the current ice-free layer to generate the final future ice-free layers. These layers generated using the model subset ensemble mean have been made available through the Australian Antarctic Data Centre (AADC; http://dx.doi.org/10.4225/15/585216f8703d0). Metrics. To summarize the predictions in a biologically meaningful manner, we used the ACBRs 16,26 , which identify biologically distinct regions across the continent and provide an appropriate scale to develop and apply conservation management. We combined the interspersed ACBR 1 and ACBR 3 to facilitate our analyses of physical changes and connectivity, and hereafter refer to this as ACBR 3a (North Antarctic Peninsula). The ACBRs are a commonly used spatial framework for Antarctic research, management and policy, and have been endorsed by the Antarctic Treaty System (ATS) 16, 18, 66, 67 . Each polygon in the future ice-free layers was assigned to an ACBR via a spatial join with the current ice-free layer. We generated metrics describing the extent and connectivity of ice-free areas, at a continental and bioregional scale (Supplementary Table 9 ). Metrics were generated using ArcGIS (v10.3). Statistics. We used one-way analysis of variance (ANOVA) within each ACBR to test for differences in ice-free metrics (Supplementary Table 9 ) under the different RCP scenarios, using R version 3.2.3 68 . Results presented in the main manuscript refer only to RCP4.5 and RCP8.5 using the model subset ensemble mean. Projected new ice-free area from the full-ensemble ER mean projections are shown in Extended Data Table 1b and Extended Data Fig. 3 . Data availability. The future ice-free layers generated using the model subset ensemble mean have been made available through the Australian Antarctic Data Centre (http://dx.doi.org/10.4225/15/585216f8703d0).
